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The effect of temporal repetition rate R on the discrimination and internal representation of stimuli
with spectro-temporal ripples was examined. Experiment 1 measured the highest ripple density D
at which upward- and downward-gliding ripples could be discriminated. Thresholds varied only
slightly for R from 2 to 8 Hz, with a median threshold just above 5 ripples/oct. The threshold
decreased (worsened) when R was increased to 16 and 32 Hz, suggesting that the limited temporal
resolution of the auditory system plays a role for these higher values of R. Experiment 2 explored
the internal representation of stimuli with static and downward-gliding spectral ripples by measur-
ing the detection threshold for a brief tone presented at a peak or a valley in the stimulus spectrum.
Thresholds were generally higher when the signal was at a peak than when it was at a valley. The
peak-valley difference tended to decrease with increasing D, and the variation of thresholds with D
was greater for low R than for high R. The results suggest that the discrimination of spectro-
temporal ripples is limited mainly by frequency resolution for lower ripple rates (up to 4–8 Hz) but
temporal resolution plays a major role for higher rates.VC 2019 Acoustical Society of America.
https://doi.org/10.1121/1.5098770
[VMR] Pages: 2401–2408
I. INTRODUCTION
Spectral ripple noise (SRn) is based on a “carrier” that is
either white noise or multiple sinusoids that are usually uni-
formly spaced on a linear or logarithmic frequency scale.
The spectrum of the carrier is modulated with a sinusoidal
function, usually on a linear or logarithmic frequency scale
(Supin et al., 1998; Won et al., 2007). The result is a broad-
band stimulus with regular amplitude fluctuations along the
frequency axis (spectral modulations). For log-spaced rip-
ples, the rate of spectral modulation, or ripple density, D, is
usually specified in ripples per octave (RPO). The maximum
value of D at which the ripples can be detected or at which
two different ripple densities or ripple phases can be discrim-
inated has often been used as a measure of spectral resolu-
tion for people with normal hearing (NH), cochlear hearing
loss (CHL), and cochlear implants (CI) (Henry et al., 2005;
Supin et al., 1994; Won et al., 2007). In variants of these
tests, the ripples have been made to glide upwards or down-
wards in frequency to produce a spectro-temporal ripple
noise (STRn), with temporal repetition rate, R (in ripples/s).
It has been assumed in many studies using STRn stimuli that
performance depends on both spectral and temporal resolu-
tion (Archer-Boyd et al., 2018; Chi et al., 1999; Nechaev
et al., 2018). However, the relative importance of these two
has not been systematically assessed. This paper examines
the effect of R on performance of a task requiring discrimi-
nation of ripple glide direction and it also explores the inter-
nal representation of STRn stimuli as a function of D and R,
by measuring the detection threshold for a brief tone pre-
sented at a peak or valley in the short-term spectrum of the
STRn. The main goal was to assess the relative role of tem-
poral and spectral resolution in determining performance in
discriminating ripple glide direction.
We start by reviewing previous studies using SRn and
STRn stimuli and discuss some problems with different var-
iants of the tests. Azadpour and McKay (2012) showed that
thresholds obtained using SRn stimuli with static ripples
may not provide an accurate measure of spectral resolution
for CI users, for whom even ripples with very low densities
are hard to detect and discriminate. They reported that, in
addition to spectral cues relating to the ripples, there were
confounding cues, such as differences in loudness, spectral
centroid (the weighted mean frequency), and changing
energy at the spectral edges, that led to better thresholds than
would be obtained if only cues from the spectral ripples
were used. To avoid the use of such confounding cues
Aronoff and Landsberger (2013) modified the SRn stimulus
to produce an STRn in which the phase of the spectral rip-
ples changed over time, effectively making the ripples glide
upwards or downwards in frequency. The task, called the
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STRt, was to discriminate a test stimulus with adjustable D
from a reference stimulus with a high value of D, such that
the spectral ripples were completely unresolved. The value
of R was 5 Hz. As a result of the temporal changes, the over-
all loudness evoked in each local frequency region, the
energy at the spectral edges, and the spectral centroid
became unreliable cues for discriminating the target and ref-
erence stimuli. However, Narne et al. (2016) showed that the
results for the STRt could be affected by a confounding cue,
namely, amplitude fluctuations with rate R at the outputs of
auditory filters tuned above and below the passband of the
stimuli, which occur even when R is sufficiently high that
such fluctuations are negligible at the outputs of auditory fil-
ters tuned within the passband of the STRt.
A variant of the STRt is the STRtdir described by Narne
et al. (2018), which estimates the highest value of D at
which an upward-gliding ripple can be discriminated from a
downward-gliding ripple. This test was intended to avoid
both the confounding cues described by Azadpour and
McKay (2012) for stimuli with static spectral ripples and the
confounding cues described by Narne et al. (2016) for stim-
uli with gliding spectral ripples. The cues become less usable
in the latter case because the upward- and downward-gliding
ripples exhibit identical long-term modulation spectra in fre-
quency regions near the lower and upper edges of the pass-
band of the stimuli.
As noted earlier, performance of the STRt and STRtdir,
and related tests that require the discrimination of glide
direction (Archer-Boyd et al., 2018), may depend on both
spectral and temporal resolution, depending on the value of
R. For low values of R, spectral resolution is probably the
dominant factor. However, as R increases, temporal resolu-
tion plays an increasing role, and for very high R temporal
resolution is likely to be the main factor limiting perfor-
mance. This is analogous to the temporal modulation transfer
function (TMTF) for detection of amplitude modulation
(AM) (Viemeister, 1979). For AM rates below 80–100 Hz,
performance depends mainly on the intensity resolution of
the auditory system and the threshold is almost independent
of AM rate, but for higher AM rates, temporal resolution
plays a greater role, and the threshold for detecting AM
increases. For very high rates (>1000 Hz), the AM is essen-
tially undetectable when the carrier frequency is high and
the spectral sidebands are not resolved, although perfor-
mance can improve with increasing AM rate when the side-
bands are resolved (Kohlrausch et al., 2000; Moore and
Glasberg, 2001). In the case of the STRt, we are not aware
of any studies assessing the effect of R. Following Aronoff
and Landsberger (2013), several studies have used the STRt
with R¼ 5 (Kirby et al., 2015; Narne et al., 2016; Vickers
et al., 2016; Zhou, 2017). However, no clear rationale was
given for the choice of R, and it is not clear whether tempo-
ral resolution influences the detectability of spectral ripples
for this value of R.
There have been some studies exploring the effect of R
on spectral modulation sensitivity assessed with tests other
than the STRt or STRtdir, using participants with NH
(Bernstein et al., 2013; Chi et al., 1999; Mehraei et al., 2014)
and CHL (Bernstein et al., 2013; Mehraei et al., 2014). These
studies assessed the smallest spectral modulation depth (in
dB) required to discriminate a STRn with ripple density D
and ripple rate R from an unmodulated stimulus. Thresholds
tended to increase when R was increased above about 4 Hz,
suggesting an influence of temporal resolution for R above
4 Hz. Nechaev et al. (2018) estimated the highest spectral rip-
ple velocity (in oct/s, defined as R/D) at which an STRn stim-
ulus could be discriminated from a noise without spectral
ripples, for various values of D of the STRn. They found that
the ripple velocity at threshold decreased from 389 oct/s
for D¼ 1 ripple/oct to 11.3 oct/s for D¼ 7 ripples/oct. They
hypothesized that performance was limited both by the filter-
ing that occurs in the auditory periphery and by a central
temporal integrator (Moore et al., 1988; Plack and Moore,
1990), the relative importance of the two depending on ripple
density.
The main goal of the present paper is to assess the rela-
tive importance of spectral and temporal resolution in the per-
ception of STRt stimuli for different values of R. Experiment
1 assessed the highest value of D at which an upward-gliding
ripple could be discriminated from a downward-gliding ripple,
with values of R from 2 to 32 Hz. Experiment 2 explored the
internal representation of STRn stimuli by measuring the
detection threshold for a brief tone burst placed at peak or a
valley of a STRn, using values of D from 1 to 4 and values of
R from 0 (static ripples) to 32 Hz. The results suggest that
spectral resolution plays a dominant role for lower values of
R, but that temporal resolution plays a dominant role for
higher values of R.
II. EXPERIMENT 1: DISCRIMINATION OF UPWARD-
AND DOWNWARD- GLIDING RIPPLES AS A
FUNCTION OF R
A. Method
1. Participants
Ten normal-hearing participants (3 females and 7 males)
with a mean age of 23 years (range: 18–32 years, standard
deviation, SD¼ 5.2 years) were tested. Pure-tone thresholds
and speech identification scores were measured using a cali-
brated diagnostic audiometer (AD-226, Interacoustics,
Middelfart, Denmark) and Sennheiser HDA200 headphones
(Old Lyme, CT, USA). All participants had pure-tone thresh-
olds 15 dB hearing level (HL) for octave frequencies
between 0.25 and 8 kHz. All had identification scores greater
than 90% for words in quiet, presented at 40 dB above the
pure-tone average (PTA) threshold across 0.5, 1, 2, and
4 kHz. All participants had normal tympanograms, with ipsi-
lateral acoustic reflexes at normal levels in both ears, indicat-
ing normal middle ear function. None of the participants had
a history of neurological or otological disorder.
All testing procedures were approved by the JSS
Institute of Speech and Hearing review board, and written
informed consent was obtained from all participants.
2. Stimuli
The STRn was generated exactly as described by Narne
et al. (2016). The carrier was composed of 201 equal-amplitude
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sinusoidal frequency components, spaced every 0.03 octave
from 100 to 6400 Hz. The amplitude of each of the sinusoidal
component was modulated as a function of D and R. The STRn
stimulus as a function of time, STRn(t), for downward-gliding
ripples is given by Eqs. (1) and (2),
STRtðtÞ¼
Xi¼201
i¼1
P ið Þ
201
10d jsin pRtþ0:03ipDþh2ð Þj1
 
20
; (1)
where
PðiÞ ¼ sinð2pfcðiÞ þ h1ðiÞÞ: (2)
P(i) is the ith carrier component with frequency fc(i)
¼ 100 20.03(I1) and h1(i) is the starting phase of that com-
ponent, which was chosen randomly for each component and
each stimulus over the range 0–2p radians. The phase of the
spectral ripple at the onset of the stimulus, h2, was chosen
randomly for each stimulus over the range 0–p radians. The
ripple depth d is the peak-to-trough ratio in dB, which was
kept constant at 20 dB. The spectral ripples were roughly
sinusoidal in form on a linear amplitude scale and a logarith-
mic frequency axis. To generate the upward-gliding ripples,
R was multiplied by 1. Values of R were 2, 4, 8, 16, and
32 Hz. In addition, a condition was included using static ripples
with randomized ripple starting phase, in which the task was to
discriminate a test SRn with variable D from a reference SRn
with a nominal value of D¼ 20 RPO. For convenience, this con-
dition is described as R¼ 0. Because there were 33.33 carrier
components per octave, the spectral ripples were not adequately
sampled when the nominal value of D was 20. The resulting
spectrum contained a mixture of two ripple rates: 13.33 and 6.67
RPO. However, excitation patterns for this stimulus, calculated
using the method described by Glasberg and Moore (1990),
were smooth, and were unaffected by the value of h2, indicating
that the ripples were completely unresolved. During the adaptive
procedure described below, the value of D for the test SRn never
exceeded 9 RPO for R¼ 0, and never exceeded 8 for
R¼ 2–32 Hz, so the ripples were always adequately sampled by
the carrier components. Hence no data were rejected because of
inadequate sampling of the spectral ripples. The overall level of
the stimuli was 75 dB sound pressure level (SPL).
The stimuli were generated, and responses were collected
via a personal computer and a 32-bit sound card (Realtek,
Hsinchu, Taiwan) using a sampling rate of 22 050 Hz. Stimuli
were routed through an audiometer (Interacoustics AD-226)
to one earpiece of the headphones (Sennheiser HDA200).
Five participants were tested using the right ear and five using
the left ear.
3. Procedure
All participants were seated in a double-walled air-con-
ditioned sound-treated room. Thresholds were estimated
using a three-alternative forced-choice (3-AFC) task. The
participant was instructed to indicate the interval that dif-
fered from the other two intervals. For R¼ 0 (static ripples),
three successive stimulus bursts were presented in each trial,
each with a duration of 750 ms, including 100-ms raised-
cosine rise/fall ramps. The silent interval between bursts was
500 ms. Two bursts were “standards” with a nominal D¼ 20
RPO and the other one was a “target” with variable D. For
R 6¼ 0, there were three pairs of stimulus bursts in each trial,
giving six successive bursts in total, each with a duration of
750 ms, including 100-ms raised-cosine rise/fall ramps.
Within each pair the silent interval was 150 ms, and the
silent interval between pairs was 500 ms. Of the three pairs,
two were standards and one was the target. The two standard
pairs both containing two downward-gliding STRn bursts.
The target pair contained a downward-gliding STRn burst
followed by an upward-gliding burst. For all values of R, the
position of the target was randomized across trials. Feedback
indicating the correct interval was given on each trial, after
the participant had responded.
The value of D was initially set to 1 RPO. D was
increased following two correct responses and decreased fol-
lowing one incorrect response, so as to track the 70.7% cor-
rect point on the psychometric function (Levitt, 1971). The
initial step size was 0.5 RPO and after two reversals it was
decreased to 0.2 RPO. Eight reversals were obtained, and the
threshold was taken as the arithmetic mean of the values of
D at the last six. The value of D never reached 0. All partici-
pants were given two practice runs before commencing the
experiment, using R¼ 4 and R¼ 16 Hz. We have found pre-
viously that this is enough to give stable threshold estimates.
Only a single threshold estimate was obtained for each con-
dition and each participant, due to limited availability of the
participants. Although the variability of the threshold esti-
mate for a single participant might be fairly high, we focus
on the median results across the ten participants. The order
of stimulus conditions was randomized across participants.
B. Results
Figure 1 shows the thresholds obtained using the STRtdir
as a function of R. The results for the condition with static rip-
ples are plotted at R¼ 0. A one-way repeated-measures analy-
sis of variance (ANOVA) on the data for R¼ 2–32 Hz
showed a significant effect of R (F(4, 36)¼ 181.72, p< 0.001,
n2¼ 0.85). Bonferroni-corrected pairwise comparisons showed
that thresholds were significantly lower (worse) for R¼ 16 and
32 Hz than for all other values of R. The value of D at threshold
was just above 5 RPO for R 8 Hz, consistent with the results
of Narne et al. (2018) for R¼ 5 Hz. The median threshold
across participants for the condition with static ripples was sim-
ilar to that reported by Narne et al. (2016) and was also similar
to the median threshold across participants for the conditions
with R¼ 2–8 Hz.
C. Discussion
The similarity of thresholds for R from 2 to 8 Hz and the
worsening in performance for higher values of R resembles the
pattern of results observed for the discrimination of amplitude-
modulation phase (Dau, 1996; Thompson and Dau, 2008),
which is simulated in the model of Dau et al. (1997a,b) by
assuming that modulation phase information is discarded for
modulation filters tuned above 8 Hz.
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The worsening in performance for R¼ 16 and 32 Hz
suggests that performance of the STRtdir is partly limited by
temporal resolution for these rates. The worsening may
reflect at least two factors. First, it is possible that frequency
selectivity takes some time to develop and that it is reduced
for stimuli that are very brief or whose spectra fluctuate rap-
idly. This might explain, for example, why the threshold for
detecting a brief tone pulse presented in a broadband noise
masker is higher when the tone pulse is presented just after
the masker onset than when it is presented later on in the
masker (Zwicker, 1965). There is controversy about whether
the sharpness of the auditory filter takes time to build up.
Some studies appear to show a build-up of frequency selec-
tivity with increasing presentation time of a masker over a
few tens of milliseconds (Bacon and Moore, 1986a,b, 1987;
Bacon and Viemeister, 1985a) while others show no change
of the auditory filter over time (Moore et al., 1987). It has
been argued that peripheral filtering processes do not
develop over time and that the temporal effects, when
observed, depend on more central processes related to audi-
tory change detection (Bacon and Moore, 1987; Zwicker and
Fastl, 1972).
Another factor that may contribute to the worsening in
performance for R¼ 16 and 32 Hz is the existence of tempo-
ral integration processes occurring more centrally. It has
been proposed that the limited temporal resolution of the
auditory system can be modeled using a sliding temporal
integrator or window with an equivalent rectangular duration
of 8–10 ms (Moore et al., 1988; Oxenham and Moore, 1994;
Penner et al., 1972). For high values of R, the internal repre-
sentation of the spectro-temporal pattern of the stimulus
would become somewhat blurred by the temporal smearing
produced by the sliding temporal integrator, effectively
reducing the peak-to-valley ratio of the internal representa-
tion. This idea was examined further in experiment 2, which
explored the internal representation of STRn stimuli by mea-
suring the detection threshold for a brief probe tone pre-
sented at either a peak or a valley in the spectro-temporal
stimulus.
III. EXPERIMENT 2: DETECTION OF BRIEF TONE
PULSES IN STRN
A. Method
1. Participants
Six NH participants (2 females and 4 males) with a
mean age of 23 years [range: 18–32 years, standard deviation
(SD)¼ 8.2 years] were tested. None took part in experiment
1, but all met the same criteria as for experiment 1.
2. Stimuli
The signal was a 3.2-kHz sinusoid with 5-ms raised-
cosine on/off ramps and no steady state; the duration at the
6 dB points on the envelope was 5 ms. This duration was
chosen to be short relative to the repetition period (1/R) of
the STRn masker, which was 31 ms for the highest value of
R used (32 Hz), while avoiding audible spectral splatter
(Bacon and Viemeister, 1985b).The signal frequency was
chosen so that when the starting phase of the ripple in the
STRn [h2 in Eq. (1)] was set to 0 the signal coincided with a
valley in the spectrum (left panel of Fig. 2), while when the
FIG. 1. Box plots showing the value of D at threshold for discriminating
upward-gliding from downward-gliding spectral ripples as a function of rip-
ple repetition rate, R (2–32 Hz), as obtained in experiment 1. The individual
thresholds are shown by circles. The thick horizontal lines show medians,
the lower and upper edges of the boxes show the first and third quartiles,
and the whiskers indicate the 10th and 90th percentiles. The data plotted at
R¼ 0 are thresholds for a task that required discrimination of a static ripple
noise with variable density from a reference ripple noise with D¼ 20 (for
which the ripples were assumed to be completely unresolved).
FIG. 2. Spectrograms of stimuli for
experiment 2 for an example case with
D¼ 1 RPO and R¼ 2 Hz. Darker areas
indicate regions with higher energy.
The brief 3.2-kHz signal was presented
either at a spectral valley (left) or a
spectral peak (right).
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starting phase was p/2 the signal coincided with a peak in the
spectrum (right panel of Fig. 2). The relatively high signal fre-
quency also helped to ensure that spectral splatter was not
audible (Bacon and Viemeister, 1985b). The STRn masker
was presented in three bursts, separated by 500 ms, each with
a duration of 1000 ms, including 100-ms raised-cosine ramps.
The STRn was generated as described for experiment 1, but
using only downward-gliding ripples. The level of the STRn
was kept constant at 60 dB SPL and the level of the signal
was varied to estimate the threshold. The level of the STRn
was chosen to be lower here than for experiment 1, to avoid
very high levels of the brief signal during the adaptive proce-
dure. The signal was added to one of the three masker bursts,
starting 495 ms after the onset of the masker. Thresholds for
the signal at peak and signal at valley were measured for all
combinations of values of D (1, 2, 3, and 4 RPO) and R (0, 2,
4, 8, 16, and 32 Hz) in a randomized block design: the six R
values were tested in random order that was different for
each participant, and for each value of R the four D values
were tested in a random order. For each participant, all D
and R conditions were completed for one signal location
(signal at peak or valley) before testing with the other sig-
nal location. The order of testing of signal location was ran-
domized across participants.
3. Procedure
Thresholds were measured using a three-interval 3-AFC
procedure. The masker was presented in all three intervals
while the signal was presented in one randomly selected inter-
val. The task was to identify which interval contained the sig-
nal. Feedback as to the correct interval was provided after
each response, via the screen of the PC. Each run started with
the signal level set to 70 dB SPL. The signal level was adjusted
adaptively for subsequent presentations using a three-down,
one-up rule tracking the 79.4% correct point on the psycho-
metric function (Levitt, 1971). The step size was 4 dB until the
first reversal occurred and 2 dB thereafter. Eight reversals were
obtained using the 2-dB step size and the arithmetic mean of
the levels at the last six reversals was taken as the threshold.
Participants were given practice using R¼ 0, 4, and 16 Hz
with a few randomly selected values of D. Following this, a
single threshold estimate was obtained for each condition for
each participant, due to limited availability of the participants.
Inspection of the results indicated that for some conditions
one or two participants gave thresholds that were markedly
higher than for the other participants. The standard deviation of
the signal level at the last six reversals tended to be large (3 dB
or more) in cases where the thresholds were unexpectedly high,
perhaps indicating lapses of attention or “forgetting what to lis-
ten for.” To avoid an undue influence of these outliers, the
results presented below are based on the median threshold
across participants for each condition, rather than the mean.
B. Results
Figure 3 shows thresholds for the signal at a peak (top)
and valley (bottom) in the short-term spectrum, plotted as a
FIG. 3. The open circles show the
median thresholds obtained in experi-
ment 2 for detection of a brief 3.2-kHz
signal presented at a peak (top) or a val-
ley (bottom) in the spectrum, plotted as
a function of ripple density, D. Each
panel represents one ripple repetition
rate R, as indicated at the top of the
panel. Error bars show 95% confidence
intervals.
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function of ripple density, D. Each panel shows thresholds
for one value of R. As expected, thresholds were generally
higher when the signal was at a peak than when it was at a
valley, although this was not always the case for D¼ 3 and
4. The variation of thresholds with D tended to be greater for
low R than for high R. For the signal at a peak, the thresholds
for D¼ 1 and 2 did not change markedly with R, while for
the signal at a valley the thresholds increased with increasing
R for all D.
Figure 4 shows the threshold differences between signal
at peak and signal at valley of the masker as a function of D
for each R. The threshold differences generally decreased
as D increased, but the decrease was smaller for higher val-
ues of R. A repeated-measures ANOVA was performed
on the threshold differences with factors D and R. There
were significant main effects of D (F(3, 72)¼ 36.6, p< 0.001,
n2¼ 0.41) and R (F(5, 72)¼ 20.1, p< 0.001, n2¼ 0.1), and a
significant interaction (F(15, 72)¼ 6.1, p< 0.001, n2¼ 0.23).
To explore the nature of the interaction, a separate one-way
repeated-measures ANOVA with factor D was performed for
each R. To allow for multiple comparisons, the Sidak correc-
tion was used, but with one-tailed significance levels, since
we were testing the hypothesis that the threshold differences
would decrease with increasing D. This gave a corrected sig-
nificance level of 0.017. The effect of D was significant
for R¼ 0 (F(3, 20)¼ 13.4, p< 0.001, n2¼ 0.77) and R¼ 2 Hz
(F(3, 20)¼ 15.0, p< 0.001, n2¼ 0.79), marginally significant
for R¼ 4 (F(3, 20)¼ 8.13, p¼ 0.02, n2¼ 0.67), and not signifi-
cant for R¼ 8–32 Hz (F(3, 20)¼ 2.37 to 0.4, p¼ 0.1 to 0. 91).
C. Discussion
For R¼ 16 and 32 Hz, the threshold differences hardly
varied with D, suggesting that the internal peak-to-valley
ratio did not depend on spectral resolution and was presum-
ably limited by temporal resolution. This suggests that per-
formance of the STRtdir was also limited by temporal
resolution for these high values of R. However, for R¼ 0, 2,
and 4 Hz, the threshold differences decreased with increasing
D, suggesting an important influence of spectral resolution.
The pattern of results can be interpreted in the following
way. Because of the operation of the sliding temporal inte-
grator described earlier, the auditory system cannot select
only the portion of the masker that is coincident in time with
the signal. Rather, the “effective” masker results from a
smearing of the masker over time. As noted earlier, the
equivalent rectangular duration of the temporal integrator is
usually assumed to be about 8–10 ms (Moore et al., 1988;
Oxenham and Moore, 1994; Penner et al., 1972), although
temporal smearing can occur over longer durations than this
because of the assumed sloping skirts of the temporal inte-
grator. As the value of R increases, the effective masker
when the signal is at a valley in the masker spectrum
includes progressively more energy from adjacent temporal
segments of the masker, whose short-term level is higher.
This leads to increases in threshold with increasing R.
Conversely, when the signal is at a peak, the inclusion of
portions of the masker adjacent to the peak has little effect
on performance, because those adjacent portions have lower
energy than at the peak.
IV. GENERAL DISCUSSION
The effect of D on the threshold differences shown in
Fig. 4 clearly decreased as R was increased from 2 to 8 Hz,
suggesting that the contrast in the internal representation of
the masker decreased with increasing R over this range,
while the thresholds for the discrimination of ripple glide
direction measured in experiment 1 hardly changed when R
was increased from 2 to 8 Hz. This discrepancy might reflect
several factors. In experiment 2, signal detection depended
on selective listening to a small time-frequency segment of
the signal, while in experiment 1 information about the
direction of the glide was available over a wide range of
times and center frequencies. The ability to integrate infor-
mation over time and frequency may partially offset the del-
eterious effect of the temporal smearing produced by the
sliding temporal integrator. In addition, in experiment 1, the
effect of any reduction in contrast of the internal representa-
tion of the spectrum with increasing R might have been par-
tially offset by the greater number of ripple cycles occurring
in the fixed duration. Finally, the reduced peak-valley thresh-
old difference as R was increased from 2 to 8 Hz in experi-
ment 2 might partly reflect the limited ability of the
participant to select to the optimal time/place to listen.
Another possibility is that the discrimination of glide
direction does not depend solely on spectral resolution, but also
reflects the use of temporal fine structure (TFS) information,
FIG. 4. The open circles show the
median peak-valley threshold differ-
ences obtained in experiment 2. Each
panel represents one ripple repetition
rate R, as indicated at the top of the
panel. Error bars show 95% confidence
intervals.
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specifically changes in TFS over time. There is good evidence
that TFS information can contribute to the discrimination of
stimuli with spectral ripples that are uniformly spaced on a lin-
ear frequency scale (Yost et al., 1996) and there is some evi-
dence suggesting that TFS information plays a role in the
discrimination of stimuli similar to those used in experiment 1
(Bernstein et al., 2013).
V. SUMMARYAND CONCLUSIONS
The main findings from the two experiments are sum-
marized below.
(1) Experiment 1 measured the highest ripple density D at
which upward- and downward-gliding spectral ripples
could be discriminated. Thresholds varied only slightly
for temporal repetition rates, R, from 2 to 8 Hz, with a
median threshold just above 5 RPO, suggesting that
thresholds over this range of R are determined mainly by
spectral resolution. The value of D at threshold decreased
(worsened) when R was increased to 16 and 32 Hz, sug-
gesting that the limited temporal resolution of the auditory
system plays a role at these higher values of R.
(2) Experiment 2 explored the internal representation of
stimuli with static and downward-gliding spectral ripples
by measuring the detection threshold for a brief tone pre-
sented at a peak or a valley in the stimulus. Thresholds
were generally higher when the signal was at a peak than
when it was at a valley. The peak-valley threshold differ-
ence was close to zero for all values of D for R¼ 16 and
32 Hz, consistent with the idea that ripple-direction dis-
crimination for these high values of R was largely lim-
ited by temporal rather than spectral resolution.
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